The analytical method for ultra-trace metal impurities at μg kg -1 level in high-purity Cd was examined by inductively coupled plasma mass spectrometry (ICP-MS) combined with matrix separation by Bio-Rad AG MP-1M anion exchange resin. After the separation of Cd, the metal impurities such as Li, In, Cr, Mn, Fe, Co, Ni, Cu, Ga, Sr, Ba and Pb were measured by an ICP-quadrupole mass spectrometer (ICP-QMS) and ICP-sector field mass spectrometer (ICP-SFMS). From the comparison of measured results, it was evaluated that the analytical sensitivity by ICP-SFMS was 10 times higher than ICP-QMS. In addition, ICP-SFMS could obtain determined values of Li and Fe that could not be determined by ICP-QMS. These results suggest the ICP-SFMS combined with matrix separation by anion exchange resin could be utilized for the determination of ultra-trace metal impurities in high-purity materials for the assessment of the purity of the materials.
Introduction
The industrial importance of high-purity cadmium (Cd) is well known for the development of new devices that require highpurity materials, e.g., II -VI type semiconductors such as CdTe and HgCdTe. 1 Since certain amounts of impurities included in the final Cd products could interfere with the electrical and optical performance of the products, the ultra-trace impurities in high-purity Cd should be determined. In addition, high-purity materials are demanded in the preparation of elemental standard solutions used for calibration of analytical instruments. National Metrology Institute of Japan (NMIJ) has been developing the primary elemental standard solutions as NMIJ certified reference materials (CRMs) for the Japan Calibration Service System (JCSS). The primary elemental standard solutions for the JCSS are made from high-purity materials, and whose impurities are usually determined by atomic spectrometry or whose purity is determined by EDTA titration 2 to evaluate the purity of the materials. In order to establish the comparability for purity assessment among national metrology institutes (NMIs), international comparisons have been carried out. According to the international comparisons such as CCQM-P107 (2009), CCQM-K72 (2013) and CCQM-P149 (2015) 3, 4 organized by the Consultative Committee for Amount of Substance: Metrology in Chemistry and Biology (CCQM), 5 most of the participants of NMIs use the subtraction method, which is carried out by impurity analysis, to evaluate the purity of high-purity materials.
In addition, the certified values of high-purity metal CRMs available from some NMIs are also determined by subtraction method. 6 Therefore, the determination of trace impurities at μg kg -1 level is significantly important to estimate the purity of the high-purity metal. Inductively coupled plasma mass spectrometry (ICP-MS) is widely used for trace element analysis because of its high detection sensitivity, wide dynamic range, multi-element coverage and capability of isotopic analysis. However, ICP-MS suffers from issues such as spectral and nonspectral interferences caused by polyatomic ions and matrix, so that the use of chemical separation is expected to be useful not only to remove matrix but also to concentrate metal impurities for the determination of ultra-trace metal impurities in highpurity materials. It is well known that there are several types of matrix separation methods, such as coprecipitation, 7 solvent extraction, extraction chromatography, and ion exchange chromatography. 8 Since the ion exchange chromatography using an anion exchange resin has some advantages against other separation methods, it was applied to separation of matrix element of Cd. In general, an anion exchange resin has high exchange capacity. For example, the capacity of TEVA ® resin (0.223 meq mL -1 ), which is an extraction chromatographic resin, is smaller than that of an anion exchange resin AG MP-1M (1 meq mL -1 ). 9 The exchange capacity of an anion exchange resin and that of a cation exchange resin are almost equal. However, the anion exchange chromatography using HCl media can separate more metal ions than those of cation one from matrix element of Cd.
In the present study, matrix separation with anion exchange resin was coupled with ICP-MS to determine the ultra-trace metal impurities in high-purity Cd. In addition, both ICP-quadrupole mass spectrometer (ICP-QMS) and ICP-sector field mass spectrometer (ICP-SFMS) were employed in the measurement of metal impurities in Cd. The analytical performances of the developed methods were evaluated and discussed.
Experimental

Instrumentation
Sample handling and ICP-SFMS measurement were carried out in a class 10000 clean room. Moreover, the acid decomposition and the anion exchange separation were conducted in a class 100 clean bench. The analytical instruments used in the present study were ICP-QMS (DRC II, PerkinElmer Co. Ltd., USA) and ICP-SFMS (Element XR, Thermo Fisher Scientific, Germany). Tables 1 and 2 show the operating conditions of ICP-QMS and ICP-SFMS, respectively. Though the ICP-QMS used in the present study holds collision reaction cell (CRC), non-gas mode was chosen because the use of CRC caused the loss of sensitivity of metal impurities. In case of ICP-SFMS measurements, suitable resolution modes, such as low (m/Δm = 300), medium (m/Δm = 4000) and high (m/Δm = 10000) were selected as listed in Table 2 according to the interference. The ICP optical emission spectrometer (Optima 4300DV, PerkinElmer Co. Ltd.) was also used in order to evaluate weight distribution coefficient [DW; (amount of ion per g in dry resin)/(amount of ion per mL in the solution)]. As listed in Table 3 , the emissions of two wavelengths were measured for each element, and DW was calculated by averaging the intensities for two lines. For all instruments, the operating conditions were optimized with tuning solutions in accordance with the recommendations from manufacturers.
Chemicals and reagents
High-purity Cd (99.999%, Wako Pure Chemicals, Japan) with granular shape was used in the present study. The ICP multielement standard solution IV [1000 mg kg -1 of 23 elements mixed (Li, B, Na, Mg, Al, K, Ca, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Sr, Ag, Cd, In, Ba, Tl, Pb and Bi), Merck, Germany] was used to evaluate DW values, recovery rates of elements during the matrix separation procedure and limit of detection (LOD) calculated from three standard deviations (3σ), as well as background equivalent concentration (BEC) in the ICP-MS measurement. The JCSS standard solutions of Ni, Cu, Tl and Pb (Wako Pure Chemical Industries) were used for the Pb (4000) a. The number in parentheses indicates m/Δm (resolution mode). determination of these elements in high-purity Cd. The JCSS standard solutions of Sc, Y and Bi (Kanto Chemical Co. Inc., Japan) were also used in the ICP-MS measurement. These solutions were diluted gravimetrically to obtain appropriate concentrations by 0.3 mol dm -3 nitric acid (HNO3). The HNO3 and hydrochloric acid (HCl) used were ultra-pure 100 grade (Kanto Chemical Co. Inc.). The high purified water was obtained by a Milli-Q system (MERCK Millipore). The anion exchange resin used was AG MP-1M (resin type: macroporous, ionic form: chloride, dry mesh size: 100 -200 mesh, Bio-Rad, USA). In order to eliminate any metal impurities, the resin was washed by Milli-Q purified water followed by decantation more than once, then was washed by 8 mol dm -3 HNO3 and soaked overnight before using.
Determination of the weight distribution coefficient, DW
The DW was determined by a batch-equilibrium method. An 11.4 ng of each element (0.2 g of 55.4 mg kg -1 of each element) prepared from multi-element standard solution, 0.1 g of the dried resin and 25 mL of HCl were added to the beaker. Then, the beaker was kept stirring at room temperature for 4 h. The concentrations of HCl used for DW determination were 0.001 and 0.3 mol dm -3 . The 23 elements in the supernatant were measured by ICP-OES and their DW values were calculated. Figure 1 shows the sample preparation procedure of metal impurities in high-purity Cd with matrix separation. The surface of approximately 0.25 g of high-purity Cd was etched with 3 mol dm -3 HCl for 15 min followed by washing thoroughly with ethanol and Milli-Q purified water. After the etching, the Cd was dried at 55 C for over 30 min to eliminate any moisture. The approximately 0.25 g of Cd was weighed in a 200-mL quartz beaker. Then, 5 mL of 8 mol dm -3 HNO3 was added to the beaker and gently warmed on a hot plate at about 140 C for 2 h to dissolve the Cd completely. After the dissolution, the Cd solution was completely evaporated to dryness at 250 C on a hot plate; then, 5 mL of 12 mol dm -3 HCl was added to the beaker and the solution was evaporated again to dryness. This process was repeated three times; then, 50 mL of 0.3 mol dm -3 HCl was added to the beaker, resulting in 5000 mg kg -1 of Cd solution for the matrix separation in the present study. The cross linkage of the AG MP-1M was estimated to be 20 -25%, which was higher than that of gel type resin. Therefore, the AG MP-1M was expected to be superior to a gel type one in terms of chemical resistance and dry hardiness. Although the mixed acids of HCl and HF were often used for Cd separation with the anion exchange resin, 1, [10] [11] [12] according to the report by Anders et al., 13 we used only 0.3 mol dm -3 HCl in order to simplify the separation procedure of Cd. In the preliminary experiment, Cd (0.5 g, 8.8 meq) was loaded on the AG MP-1M resin column (bed volume; 26 mL, exchange capacity; 26 meq). However, a white residue was found in the metal impurities fraction. Since the exchange capacity of the resin was inadequate for adsorbing 0.5 g of Cd, 40 mL (20 mL × 2) of suspended AG MP-1M was used for the complete adsorption of 0.25 g Cd (4.4 meq). As shown in Fig. 1 , 20 mL of suspended resin was loaded into each column. The two columns were cleaned thoroughly with 100 mL of water and 8 mol dm -3 HNO3 to remove any ultra-trace metal impurities existing in the resin. The two columns were finally conditioned with 200 mL of 0.3 mol dm -3 HCl. Then, the 50 mL of 5000 mg kg -1 Cd solution mentioned above was loaded to the two columns (approximately 25 mL per column). Subsequently, 200 mL of 0.3 mol dm -3 HCl was loaded into each column. As an eluent of all fractions about 450 mL was collected in a beaker and heated on a hot plate at 250 C to one droplet. The droplet was dissolved into 10 mL of 0.3 mol dm -3 HNO3, which was used for ICP-MS measurement. Therefore, the metal impurities in the 10 mL of the eluting solution were concentrated by a factor of 5 during the sample pretreatment procedure from 50 to 10 mL. Both blank and recovery tests were carried out in parallel. The element standard solution of Y was used as an internal standard element because it was not presented in both the sample and the multi-element standard solution.
Matrix separation using anion exchange resin
Sample preparation for standard addition method by ICP-QMS without matrix separation
A 10000 mg kg -1 of Cd solution was prepared from the highpurity Cd metal. Approximately 1 g of the etched Cd was weighed in a 200-mL quartz beaker. Then, 20 mL of 4 mol dm -3 HNO3 was added and the beaker was gently warmed on a hot plate at approximately 140 C for 2 h. After cooling at room temperature, the dissolved solution was diluted to 100 mL with 0.05 mol dm -3 HNO3, which corresponded to 10000 mg kg -1 of Cd solution. The blank was also prepared in parallel. The 10000 mg kg -1 of Cd solution was diluted to 1000 mg kg -1 with 0.3 mol dm -3 HNO3. Four 1000 mg kg -1 of Cd solutions were made from the 10000 mg kg -1 original solution in order to prepare solutions for standard addition method, with four different concentrations of Ni, Cu, Tl and Pb. Both Y and Bi were also added as internal standard elements to the four 1000 mg kg -1 of Cd solutions as well as blank solution. These solutions were measured for the standard addition method by ICP-QMS. 
Results and Discussion
Weight distribution coefficients (DW) and elution behavior
The DW values obtained with HCl media are closely related to stability constants of chloro complexes and the DW values are known as important indicators showing degrees of adsorption to resin. For the purpose of investigating the behavior of the elements in the anion exchange between ions and AG MP-1M, the DW values of 23 elements with respect to AG MP-1M resin were evaluated under different concentrations of HCl.
14 Van der Walt et al. 15 investigated DW values of Cu, Zn, Cd, Fe, Ga, In, Th and U in some strongly basic anion exchange resins such as AG MP-1, AG1-X2, AG1-X4, AG1-X8 and AG1-X10. The AG MP-1 was macroporous resin and the others were gel type resins. The anion exchange property of the AG MP-1 was almost the same as the others surveyed. The AG MP-1M employed in the present study is a successor product of AG MP-1. The measured DW values of 23 elements are shown in Fig. 2 . Elements with higher DW (>2) are considered to be adsorbed on the resin strongly, which were very close to those reported by Kraus et al. using Dowex-1 anion exchange resin. attributed to the difference in the resin morphologies between macroporous and gel-type. From our results, it was expected that 18 elements (Li, B, Na, Mg, Al, K, Ca, Cr, Mn, Fe, Co, Ni, Cu, Ga, Sr, In, Ba and Pb) would not be adsorbed on the anionexchange resin under the 0.3 mol dm -3 HCl condition, which meant that it was possible to determine these metal impurities by separation of Cd matrix. However, the determination of Zn, Ag, Tl and Bi seemed to be impossible because their DW values revealed relatively higher values in 0.3 mo dm -3 HCl resulting in adsorption on the resin. In order to simplify the preparation procedure for matrix separation, only the 0.3 mol dm -3 HCl was used in the following experiments. Figure 3 shows recovery rates of 22 elements obtained by the matrix separation procedure in 0.3 mol dm -3 HCl. Each amount of elements prepared from a multi-element standard solution was approximately 1000 ng (10 mg kg -1 × 0.1 g). For most of the elements investigated, there were close relationships between the DW values and the recovery rates. Among 22 elements investigated, the recovery rates of 17 elements (Li, Na, Mg, Al, In, K, Ca, Cr, Mn, Fe, Co, Ni, Cu, Ga, Sr, Ba and Pb), which showed lower DW values in Fig. 2 , were found to be in the range from 80 to 120%. In the present study, it was evaluated that analytes were quantitatively recovered if their recovery rates were within 100 ± 20% because the purpose of the present study was the analysis of ultra-trace elements for the purity assessment of high-purity Cd. Therefore, no correction was carried out for the determined values of the 17 elements in following sections. As expected, on the other hand, recovery rates of Zn, Ag, Tl and Bi were poor because of their high DW values. The only exception was B. Although the DW values of B were less than 1, its recovery was quite low. This may be due to the loss in evaporation procedure. The recovery test of 22 elements in the presence of a large amount of Cd (0.25 g) was also carried out, where each amount of the elements was approximately 1000 ng (10 mg kg -1 × 0.1 g), as shown in Fig. 4 . Clearly, the coexistence of a large amount of Cd did not affect the recovery rates of 17 elements, presenting the behaviors similar to those in Fig. 3 . From these results, it is expected that the matrix separation examined in the present study will be useful for the determination of those ultra-trace metal impurities contained in high-purity Cd. Tables 4 and 5 compare analytical results of 17 metal impurities in high-purity Cd obtained by ICP-QMS combined with matrix separation and those by ICP-SFMS, respectively. The limit of detection (LOD) and background equivalent concentration (BEC) are also listed in the tables. The LOD was calculated by the multi-element standard solution and HNO3 blank. The BEC was calculated by the blank experiment. The contamination from the environment and reagents was minor because this experiment used a clean bench and high puritygrade reagents in the clean room. The main source of the contamination on the elements that showed lower LOD than BEC was considered to be the anion exchange separation step. It could be seen from Table 4 that the separation of Cd matrix with the anion exchange resin enabled determination of Cr, Co, Ni, Cu, Ga, In and Pb. In the case of ICP-QMS, a CRC is expected to be an effective tool for the determination of, K, Ca and Fe, suffering from severe spectral interferences of polyatomic ions due to Ar and matrix elements. The use of the CRC technology, however, would also cause a loss of sensitivity of analytes, which resulted in the insufficient sensitivity to determine sub μg kg -1 level of metal impurities. Generally speaking, LOD of elements obtained by ICP-SFMS is superior to that of ICP-QMS irrespective of spectral interference. From the viewpoint of sensitivity, the use of ICP-SFMS seemed to be superior to that of ICP-QMS, although the concentrations of K and Ca in high-purity Cd were too low to be detected even with ICP-SFMS, as shown in Table 5 . However, in the present study, the LODs of Na, Mg, Al and K were not improved by ICP-SFMS, which was probably due to the higher contamination levels of these elements in the instrument. Table 6 compares analytical results of Ni, Cu, Tl and Pb in high-purity Cd obtained by three different analytical methods, where only four elements were determined by standard addition method by ICP-QMS without matrix separation. As for Tl, the standard addition ICP-QMS was a sole method, because it was adsorbed on the resin employed in the present study under the separating condition of 0.3 mol dm -3 HCl as shown in Figs. 3 and 4 . A direct determination of analytes without separation of Cd inherently requires matrix matching such as standard addition method in order to compensate non-spectral interference from matrix element such as space charge effect in ICP-MS. Although the standard addition ICP-QMS is simpler and easier as well as more free from contamination than those observed for ICP-QMS and ICP-SFMS with matrix separation, a continuous introduction of matrix solution may cause not only heavy damage to the detector but also severe memory effect for ICP-QMS. On the other hand, a chemical separation of matrix could lead to highly sensitive measurement of sub μg kg -1 level of impurities because both spectral and non-spectral interferences could be eliminated. However, the contamination and the loss of analytes during the separation procedure should be considered. Therefore, it is useful to compare all determined values in order to validate the analytical methods carried out in the present study including (A) standard addition method by ICP-QMS without matrix separation, (B) calibration curve method by ICP-QMS combined with matrix separation and, (C) calibration curve method by ICP-SFMS combined with matrix separation. As shown in Table 6 , the determined values of Ni and Cu obtained by three analytical methods showed good agreements with each other within their uncertainties, which validated the consistency of the analytical methods developed in the present study. The reason for large uncertainties due to the determined values obtained by the standard addition ICP-MS without matrix separation seemed to be the signal fluctuation caused by nonspectral interference as well as poor LOD from 10 to 40 μg kg -1 . Thus, the ICP-QMS without matrix separation would be limited to measuring metal impurities contained in sub μg kg -1 levels. On the other hand, the matrix separation method could not only reduce the non-spectral interference but also concentrate the metal impurities by a factor of 5 as shown in Fig. 1 . Although as shown in Table 6 , the metal impurities in 1000 mg kg -1 of Cd solution in the level of 0.001 mg kg -1 could be detected by standard addition ICP-QMS without matrix separation, the determined value of Pb seemed to be inaccurate compared with those obtained by both ICP-QMS and ICP-SFMS combined with matrix separation. Because the concentration of metal impurities in 1000 mg kg -1 of Cd solution contained 25-fold lower concentrations of metal impurities than measured samples prepared by matrix separation method as shown in Fig. 1 , determined values obtained by matrix separation were more reliable than the standard addition method. Therefore, LOD values were also improved to sub μg kg -1 levels by ICP-QMS or less by the use of ICP-SFMS. In the present study, it was concluded that the determined values of Pb obtained by matrix separation listed in Table 6 were more reliable than those derived from direct determination. Although the developed method with the matrix separation was not acceptable for the analysis of Tl owing to the similar adsorption behavior of Cd, other methods such as isotope dilution ICP-MS could be applied for highly precise measurement of Tl.
Recovery of analytes in matrix separation with anion exchange resin
Determination of impurities in high-purity Cd
Conclusion
The matrix separation using AG MP-1M anion exchange resin coupled with ICP-MS was examined for the determination of ultra-trace metal impurities in high-purity Cd. The DW values were evaluated by batch method with the resin and recovery rates of 80 -120 % were obtained for 17 elements (Li, Na, Mg, Al, In, K, Ca, Cr, Mn, Fe, Co, Ni, Cu, Ga, Sr, Ba and Pb). From the comparison of the results by both ICP-QMS and ICP-SFMS with matrix separation, the use of ICP-SFMS could improve by one order of magnitude lower LOD and BEC values, especially for heavier elements, compared to those of ICP-QMS. Moreover, ICP-SFMS could obtain determined values of Li and Fe that could not be determined by ICP-QMS. Because the analytical results of Ni and Cu obtained by ICP-MS with matrix separation agreed within their uncertainties with those obtained by the standard addition ICP-MS without matrix separation method, the proposed method could be validated. From these obtained results, we found that the ICP-MS combined with matrix separation by anion exchange resin is useful for the determination of ultra-trace metal impurities in high-purity materials to evaluate the purity of the materials.
